Introduction
Nonalcoholic fatty liver disease (NAFLD)/hepatic steatosis is a condition in which excess fat accumulates in the liver of an individual without a history of alcohol abuse, and it is a major risk factor for insulin resistance and type 2 diabetes (T2D) (1, 2) . Indeed, insulin resistance is the most common disorder associated with NAFLD, regardless of whether the individual is lean or obese. Moreover, both NAFLD and T2D promote dyslipidemia, which increases the risk for cardiovascular diseases, including hypertension, atherosclerosis, and angina pectoris (3) . Taken together, patients comorbid for NAFLD, T2D, and cardiovascular disease are likely to receive combination therapy, and it is imperative that we increase our understanding of how combination therapies affect the various pathologies a given patient has. For example, manufacturers of new therapies for T2D are under intense scrutiny to ensure their medications do not increase cardiovascular risk when compared with standard-of-care (4, 5) . Conversely, it is often not considered that these T2D patients are also receiving medications for their cardiovascular disease, and our knowledge of the consequences that these cardiovascular medications have on glucose homeostasis and other T2D risk factors -including NAFLD -is limited.
Of interest, the piperazine derivative ranolazine, which is a second-line agent for treating angina via inhibiting the late inward sodium current (I Na ) during cardiac repolarization (6, 7) , may be a more ideal therapy to prescribe in a T2D patient comorbid for angina due to its glycemia-lowering properties.
Results from the MERLIN TIMI-36 trial demonstrated that a 4-month treatment with ranolazine (1000 mg twice daily) decreased glycated hemoglobin (HbA1c) levels from 7.5%-6.9% in diabetic subjects (8) . Moreover, a prospective trial in T2D patients with HbA1c levels ranging from 7%-10% treated Obese individuals are often at risk for nonalcoholic fatty liver disease (NAFLD), insulin resistance, type 2 diabetes (T2D), and cardiovascular diseases such as angina, thereby requiring combination therapies for their comorbidities. Ranolazine is a second-line antianginal agent that also improves glycemia, and our aim was to determine whether ranolazine modifies the progression of obesityinduced NAFLD. Twelve-week-old C57BL/6J male mice were fed a low-fat or high-fat diet for 10 weeks and then treated for 30 days with either vehicle control or ranolazine (50 mg/kg via daily s.c. injection). Glycemia was monitored via glucose/pyruvate/insulin tolerance testing, whereas in vivo metabolism was assessed via indirect calorimetry. Hepatic triacylglycerol content was quantified via the Bligh and Dyer method. Consistent with previous reports, ranolazine treatment reversed obesity-induced glucose intolerance, which was associated with reduced body weight and hepatic steatosis, as well as increased hepatic pyruvate dehydrogenase (PDH) activity. Ranolazine's actions on hepatic PDH activity may be directly mediated, as ranolazine treatment reduced PDH phosphorylation (indicative of increased PDH activity) in HepG2 cells. Therefore, in addition to mitigating angina, ranolazine also reverses NAFLD, which may contribute to its documented glucose-lowering actions, situating ranolazine as an ideal antianginal therapy for obese patients comorbid for NAFLD and T2D.
twice daily with 1000 mg ranolazine for 24 weeks observed a greater decline in HbA1c levels versus those treated with placebo control (9) . Of interest, ranolazine treatment decreased both fasting insulin and glucagon levels, while improving postprandial glucose and glucagon levels over 3 hours following a mixed-meal tolerance test in these T2D patients (9) . Studies in rats suggest that ranolazine may act directly on islet α-cells to reduce glucagon secretion (10) .
Our current work, to our knowledge, adds a new dimension by which ranolazine improves glycemic control. We observed that a 30-day treatment period with ranolazine was able to improve glycemia in obese mice without impacting skeletal muscle insulin sensitivity. Moreover, ranolazine treatment did not reduce circulating glucagon levels in our study but, instead, resulted in a significant reduction in both overall adiposity and hepatic steatosis. These beneficial actions of ranolazine were associated with increased hepatic pyruvate dehydrogenase (PDH) activity, the rate-limiting enzyme of glucose oxidation (11) , consistent with past studies demonstrating that PDH is a novel target for ameliorating NAFLD (12, 13) .
Results
Ranolazine treatment reverses obesity-induced dysglycemia. Treatment with ranolazine for 30 days consistently lowered random-fed blood glucose levels in obese mice, while also improving glucose tolerance (Figure 1 , A-C). The ranolazine-mediated improvement in glucose tolerance could not be attributed to changes in circulating insulin levels at the 0-and 15-minute time points ( Figure 1D ). Conversely, ranolazine treatment was devoid of benefit on insulin sensitivity, as both the drop in blood glucose levels and insulin-stimulated Akt/GSK3β phosphorylation in gastrocnemius muscles remained similar between saline-and ranolazine-treated lean or obese mice in response to an insulin tolerance test (Figure 2) .
Ranolazine treatment increases energy expenditure. Ranolazine treatment also caused significant reductions in body weight ( Figure 3A) , primarily attributable to decreases in total adiposity ( Figure 3 , B and C). Indirect calorimetry assessed at 3 weeks after treatment revealed that ranolazine augments energy expenditure, as whole-body O 2 consumption rates normalized to lean body mass were markedly increased ( Figure 4A ). Likewise, O 2 consumption and CO 2 production rates over 24 hours were higher in mice treated with ranolazine ( Figure 4 , B and C). Ranolazine treatment did not alter substrate preference, as respiratory exchange ratios were similar in lean or obese mice treated with ranolazine ( Figure 4 , D and E), whereas animal ambulatory activity was significantly reduced ( Figure 4F ).
Ranolazine treatment reverses obesity-induced hepatic steatosis. Liver mass normalized to body weight and hepatic triacylglycerol (TAG) content were both reduced in ranolazine-treated obese mice ( Figure 5 , A and B), which were independent of reductions in circulating TAG and nonesterified fatty acid (NEFA) levels ( Figure 5 , C and D). In addition, frozen liver extracts were subjected to targeted metabolomic profiling for quantification of a broad range of acylcarnitines, which revealed no major changes except for increases in free carnitine (C0), C2, C4, and C18 acylcarnitines in obese mice treated with ranolazine (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci. insight.124643DS1). Ranolazine treatment also improved glycemia in response to a pyruvate tolerance test ( Figure 5 , E and F). Although ranolazine-mediated reductions in body weight likely contribute to our metabolic phenotypes, acute treatment of obese mice with ranolazine had no effect on pyruvate tolerance, hepatic TAG content, or body weight ( Figure 6 , A-C). Conversely, treatment of obese mice with ranolazine for 1 week improved glycemia during a pyruvate tolerance test and decreased hepatic TAG content, prior to any notable reductions in body weight ( Figure 6, D-F) .
Ranolazine increases hepatic PDH activity. Previous studies have demonstrated that ranolazine increases glucose oxidation (14) . Therefore, examination of the phosphorylation of PDH, the rate-limiting enzyme of glucose oxidation, revealed a marked reduction (indicative of increased PDH activity) in the livers of ranolazine-treated obese mice, which was associated with a reduction in hepatic Pdk4 but not Pdk1/2 mRNA expression ( Figure 7 , A and B). However, changes in hepatic PDH phosphorylation or Pdk1/2/4 expression were not observed in ranolazine-treated lean mice (Supplemental Figure 2) . These ranolazine-mediated actions appear to be liver specific, as soleus muscles from obese mice and differentiated C2C12 myotubes treated with ranolazine both demonstrated no changes in PDH phosphorylation (Supplemental Figure  3) . Furthermore, PDH enzymatic activity was markedly increased in livers from obese mice treated with ranolazine ( Figure 7C ). Illustrating that these actions might be direct, we exposed HepG2 cells to 0.6 mM oleate and 5.0 mM glucose for 24 hours, followed by 24-hour treatment with 10 μM ranolazine, which reduced both PDH phosphorylation and PDK4 mRNA expression ( Figure 7 , D and E). As Pdk4 is a PPARα downstream target in the liver (15), we evaluated the mRNA expression of additional PPARα target genes (Slc27a1, Slc27a6, Acox1, Cd36, Acadm), a number of which were reduced in livers of obese but not lean mice treated with ranolazine (Supplemental Figure 4 ).
Discussion
Our study demonstrates that ranolazine mitigates hepatic steatosis, which may stem from ranolazine's ability to increase glucose oxidation, as ranolazine increased PDH activity in livers of obese mice and in HepG2 cells. Importantly, the ranolazine-mediated reduction in hepatic steatosis likely contributes to improved glycemic control, as ranolazine improved glucose and pyruvate tolerance in obese mice. Conversely, ranolazine failed to influence glycemia following either acute treatment in obese mice, or chronic treatment in lean mice, when minimal effects were observed on hepatic TAG content.
Our observations are of clinical relevance, as a significant fraction of patients with angina are also obese and comorbid for insulin resistance/T2D (16, 17) . These individuals are, thus, likely to be receiving a combination of therapies to improve their angina symptoms, cardiac function, and dysglycemia. The US Food and Drug Administration (FDA) and European Medicines Agency have now mandated that new therapies in development for T2D must also be cardiovascular safe, as we do not want to simply improve glycemia in people with T2D but risk worsening their cardiovascular health (4). We would argue that it is equally prudent that we also ensure that our cardiovascular therapies do not worsen glucose homeostasis and T2D risk factors in angina patients comorbid for obesity/T2D. Indeed, studies have demonstrated that β-blockers, the first-line therapy for angina, may worsen glycemic control (9, 18) . In addition, treatment with the β-blocker propranolol exacerbated nonalcoholic steatohepatitis (NASH) in C57BL/6J mice fed a methionine choline-deficient diet (19) . On the contrary, ranolazine, which is a second-line agent for treating angina, has been shown in both preclinical and clinical studies to improve glycemia in animals and patients with T2D (9, 10). When combined with our observations demonstrating that ranolazine can reverse the progression of NAFLD, ranolazine would appear to be the more preferable antianginal therapy to consider in this specific patient population. If our observations in obese mice are recapitulated in obese humans, the translational implications of our findings could be quickly realized and easily implemented into clinical practice.
Studies from Dhalla and colleagues attempting to elucidate ranolazine's glycemia-lowering properties, demonstrated that ranolazine improves glycemia in rats via reducing glucagon secretion secondary to inhibiting the late I Na in islet α-cells (10). Our findings in mice are not compatible with these assertions, as we observed no change in circulating glucagon levels during a pyruvate tolerance test (Supplemental Figure 5) . Moreover, reduced glucagon secretion would not be compatible with ranolazine decreasing hepatic steatosis, since glucagon augments hepatic fatty acid oxidation rates and whole-body energy expenditure (20) . Because of these positive actions of glucagon on energy expenditure, a number of studies have explored whether glucagon receptor agonism, or combining activation of both glucagon and glucagon-like peptide-1 receptors with new peptide coagonists, can be used as a novel approach to mitigate obesity (21). Values represent means ± SEM. Differences were determined using a 2-way ANOVA, followed by a Bonferroni post hoc analysis. *P < 0.05, significantly different from VC-treated counterpart.
Reduced glucagon secretion and signaling would, in theory, worsen obesity-induced hepatic steatosis, and in support of that notion, whole-body glucagon receptor-deficient mice exhibit an exacerbation of obesity-induced NAFLD (20) . Therefore, it is unlikely that the attenuation of NAFLD in response to treatment with ranolazine is dependent on reductions in circulating glucagon levels. It is also unlikely that ranolazine's cardiac mechanism of action, inhibition of the late I Na , represents the mechanistic target by which ranolazine mitigates obesity-induced NAFLD. Ranolazine decreases the late I Na via inhibiting the voltage-gated Na channel subunit 1.5 (Na v 1.5) in the myocardium to improve angina symptoms, whereas Na v 1.5 does not appear to be expressed to any appreciable extent within hepatocytes (22, 23) .
Ranolazine's beneficial actions for angina were initially attributed to modulating energetics, since ranolazine increased PDH activity and glucose oxidation in both isolated skeletal muscle and the heart (14, 24, 25) . Our results are in support of these previous findings from McCormack and colleagues, as we observed that ranolazine treatment increased hepatic PDH activity in obese mice, suggesting that ranolazine also increases hepatic glucose oxidation. We further expand on these past observations by demonstrating that these actions Values represent means ± SEM. Differences were determined using a 2-way ANOVA, followed by a Bonferroni post hoc analysis. *P < 0.05, significantly different from VC-treated counterpart.
of ranolazine contribute to ranolazine-mediated reductions in hepatic steatosis in obese mice. Of interest, a previous study demonstrated that elevated hepatic PDH activity via whole-body deficiency of Pdk2 confers substantial protection against obesity-induced NAFLD (12) . In addition, reductions in hepatic steatosis were observed during either pharmacological treatment of obese mice with the liver-specific pan-PDHK inhibitor, 2-[(2,4-dihydroxyphenyl)sulfonyl]isoindoline-4,6-diol or in obese mice with a whole-body deficiency for Pdk2 and Pdk4 (13) . This alleviation of hepatic steatosis was associated with reduced enzymatic activity of carbohydrate-responsive element binding protein and its downstream lipogenic target genes (Acaca, Fasn, and Scd1). Accordingly, it does appear that ranolazine-mediated increases in hepatic PDH activity may contribute to our phenotypic observations. However, the specific molecular mechanisms by which ranolazine increases hepatic PDH activity and subsequently attenuates NAFLD remain to be elucidated. Ranolazine also decreases fatty acid oxidation rates (14, 24) , which could contribute to an increase in PDH activity/glucose oxidation via a Randle cycle mechanism (26, 27) . On the contrary, impaired hepatic fatty acid oxidation has been proposed to be a major contributor to the pathology of hepatic steatosis/NAFLD (28, 29) , making it unlikely that ranolazine increases hepatic PDH activity/glucose oxidation secondary to the inhibition of fatty acid oxidation.
An important consideration with our study is that NAFLD itself is relatively benign and not associated with significant pathology unless it progresses toward NASH. It is well characterized that experimental obesity in mice as a result of high-fat feeding does not produce any significant hepatic fibrosis and ballooning of hepatocytes associated with NASH over the time frame utilized in our study (30, 31) . Nevertheless, assessment of markers of inflammation in livers from obese mice treated with ranolazine demonstrated no major changes, other than a reduction in C-C motif chemokine ligand 2 (Ccl2) (Supplemental Figure 6A) . In addition, markers of fibrosis, including collagen type 1 α2 chain (Col1a2) and Col1a1, trended to or were significantly reduced in livers from obese mice following treatment with ranolazine, suggesting that ranolazine may have salutary actions on hepatic fibrosis (Supplemental Figure 6B) . Measurement of other markers of liver function, including circulating aspartate aminotransferase and alanine aminotransferase levels, remained unchanged in obese mice following treatment Values represent means ± SEM. Differences were determined using a 2-way ANOVA, followed by a Bonferroni post hoc analysis. *P < 0.05, significantly different from VC-treated counterpart.
with ranolazine (Supplemental Figure 7) . Since one-third of patients with NAFLD will develop NASH with significant fibrosis, while NAFLD also remains a major risk factor for NASH in individuals with obesity and/or T2D (32, 33), our observations may thus suggest that ranolazine treatment could prevent or delay the progression to NASH in obese patients with angina. However, one must be cautious in interpreting these results due to the lack of fibrosis seen with high-fat feeding in mice, and it will be important for future studies to determine whether ranolazine can attenuate NASH pathology using the appropriate models.
Treatment with ranolazine also decreased adiposity and subsequent body weight gain in mice, which likely contributed to the improved glycemia and hepatic steatosis we observed in obese mice. Nonetheless, the increases in hepatic PDH activity, reversal of steatosis, and improved glycemia occurred prior to significant weight loss and in the absence of changes in circulating TAGs and NEFAs. Although further elucidation of the mechanisms by which ranolazine decreases adiposity/body weight in mice is of interest, clinical data in humans do not support these observations (8, 9) , suggesting that our findings in mice may be species specific. Furthermore, the ranolazine-mediated reduction in body weight was independent of changes in both food and water intake (Supplemental Figure 8) .
Taken together, ranolazine improves glycemia in experimental obesity, which may be due to both reductions in adiposity and hepatic steatosis. These improvements do not appear to be due to the classic target of ranolazine action, inhibition of the late I Na , or reducing glucagon secretion, but they may involve enhanced hepatic PDH activity/glucose oxidation. Therefore, ranolazine may be a more preferable antianginal therapy to prescribe to obese individuals comorbid for angina, NAFLD, and T2D.
Methods
Animal care. Eleven-week-old male C57BL/6J mice were ordered from the Jackson Laboratory and allowed 1 week to acclimatize to the University of Alberta Health Sciences Laboratory Animal Services animal facility prior to study. Mice were placed on a standard chow/low-fat diet (10% kcal from lard, Research Diets; D12450J) or high-fat diet (60% kcal from lard, Research Diets; D12492) for a 10-week period. Plasma TAG and NEFA levels in lean and obese mice treated with either VC or Ran (n = 4). (E and F) Pyruvate tolerance in lean and obese mice treated with either VC or Ran, and the associated AUC (n = 10-13). Values represent means ± SEM. Differences were determined with a 2-way ANOVA, followed by a Bonferroni post hoc analysis. *P < 0.05, significantly different from VC-treated counterpart.
At the end of week 10, animals underwent an i.p. glucose tolerance test, following which, all animals were randomized to receive treatment every day with ranolazine (50 mg/kg) or vehicle control (saline) via s.c. injection for 30 days. Animals were randomized in a manner that ensured that baseline glucose tolerance was not different between the saline-and ranolazine-treated groups. At the end of the study, animals were euthanized via i.p. injection of sodium pentobarbital (12 mg) following an overnight fast and at 30 minutes after administration of saline or insulin for tissue extraction in liquid N 2 with Wollenberger tongs. Separate cohorts of obese mice were treated 1× or for 1 week with saline or ranolazine (50 mg/kg) and euthanized upon completion of a pyruvate tolerance test following an overnight fast, after which, their livers were immediately extracted and snap frozen in liquid N 2 using Wollenberger tongs.
Assessment of glucose homeostasis. Glucose, pyruvate, and insulin tolerance tests were performed in C57BL/6J mice as previously described (34) . In brief, animals were fasted overnight; glucose, pyruvate, and insulin doses were 2 g/kg, 2 g/kg, and 0.7 U/kg, i.p., respectively. Blood glucose measurements were performed via tail bleed with the Accu-Chek Advantage system (Roche Diagnostics) at 0, 15, 30, 60, 90, and 120 minutes after glucose/pyruvate/insulin administration. Plasma was collected from tail whole-blood at 0 and 30 minutes of the glucose tolerance test, and circulating insulin levels were determined via use of a commercially available mouse ultrasensitive ELISA kit (Alpco Diagnostics, 80-INSMSU-E01) as previously described (35) .
Indirect calorimetry. In vivo metabolic assessment via indirect calorimetry was performed using Oxymax metabolic cages (Columbus Instruments). Animals were initially acclimatized in the system for a 24-hour period, following which, the subsequent 24-hour period was utilized for data collection as previously described (34) . The operator was blinded from mouse treatment group during the study and subsequent data acquisition.
Cell culture. All reagents were obtained from MilliporeSigma. C2C12 or HepG2 (American Type Culture Collection) cells were cultured in DMEM containing 10% FBS and 1% penicillin/streptomycin (P/S). Cells were incubated in a water-jacketed CO 2 incubator maintained at 37°C with 5% CO 2 . Upon confluency, C2C12 cells were differentiated into myotubes via growth in DMEM containing 2% horse serum and 1% P/S as previously described (36) , following which, they were cultured in glucose free DMEM supplemented with 0.4 mM oleate bound to 2% bovine serum albumin (BSA), 5.0 mM glucose, 0.6 mM β-hydroxybutyrate, 0.25 mM L-carnitine, and 0.2 nM insulin. HepG2 cells were cultured in glucose free DMEM supplemented with 0.6 mM oleate bound to 2% BSA and 5.0 mM glucose.
Western blotting. Frozen soleus or liver tissue (20 mg), or C2C12 myotubes or HepG2 cells, were homogenized in buffer containing 50 mM Tris HCl (pH 8 at 4°C), 1 mM EDTA, 10% glycerol (w/v), 0.02% Brij-35 (w/v), 1 mM DTT, protease, and phosphatase inhibitors (MilliporeSigma), and protein samples were prepared and subjected to Western blotting protocols as previously described (37) . Protein kinase B (Akt) and phospho-Akt (9272S and 4060L; Cell Signaling Technology); glycogen synthase kinase 3 (GSK3β) and phospho-GSK3β (5676S and 9331L; Cell Signaling Technology); PDH and phospho-PDH (3205S [Cell Signaling Technology] and ABS204 [MilliporeSigma] ) antibodies were prepared in a 1/500 dilution in 5% BSA.
Real-time PCR analysis. First-strand cDNA was synthesized from total RNA using the SuperScript III synthesis system (Invitrogen). Real-time PCR was carried out with the CFX connect Real time PCR machine (Bio-Rad) using TaqMan Gene Expression Assays (Applied Biosystems) or SYBR Green (Kapa Biosystems Inc.) (Supplemental Table 1 ). Relative mRNA transcript levels were quantified with the 2 -ΔΔCt method using peptidylprolyl Isomerase A (Ppia/PPIA) or β-actin (Actb) as a housekeeping internal control gene as previously described (37) .
PDH activity assay. PDH activity was measured in protein samples (100 μg) extracted from frozen liver (~40 mg) in obese mice using the MitoProfile Dipstick Assay Kit (MitoSciences) as previously described (37) .
Blood biochemistry. Plasma samples collected from obese mice treated with vehicle control or ranolazine were used to detect levels of alanine aminotransferase, aspartate aminotransferase, and albumin using an EasyRA clinical chemistry analyzer (Medica).
Determination of hepatic and circulating TAG levels. Frozen powdered liver tissue (~20 mg) was extracted in a 2:1 chloroform/methanol solution, following which, the supernatant phase was retained for the assessment of TAG content with an enzymatic assay kit (Wako Pure Chemical Industries) as previously Values represent means ± SEM. Differences were determined with an unpaired, 2-tailed Student's t test. *P < 0.05, significantly different from VC-treated counterpart.
described (34) . This same kit was also used to assess circulating TAG levels in 4 μl plasma samples as previously described (34) .
Metabolomic profiling. Approximately 50 mg of frozen powdered liver tissue was subjected to a targeted quantitative metabolomics approach using a combination of direct injection mass spectrometry (DI-MS) with a reverse-phase liquid chromatography-MS/MS (LC-MS/MS) assay as previously described (38) . The method used combines the derivatization and extraction of analytes, and the selective mass-spectrometric detection using multiple reaction monitoring pairs. Isotope-labeled internal standards are used for metabolite quantification. All the samples were thawed on ice and were vortexed and centrifuged at 13,000 g. Each sample (10 μl of each) was loaded and dried in a stream of N 2 , following which, 20 μl of a 5% solution of phenyl-isothiocyanate was added for derivatization. After incubation, samples were dried again using an evaporator. Extraction of the metabolites was then achieved by adding 300 μl methanol containing 5 mM ammonium acetate. The extracts were obtained by centrifugation at 13,000 g, followed by a dilution step with kit MS running solvent. MS analysis was performed on an API4000 Qtrap MS/MS instrument (Applied Biosystems/MDS Analytical Technologies) equipped with a solvent delivery system. The samples were delivered to the mass spectrometer by a LC method followed by a DI method. Data analysis was performed and concentrations were calculated using Analyst software. The operator was blinded from sample ID treatment group during data acquisition and subsequent analysis.
Statistics. Values are presented as means ± SEM. Significant differences were determined by the use of an unpaired, 2-tailed Student's t test or a 2-way ANOVA followed by a Bonferroni post hoc analysis. All data were analyzed via GraphPad Prism 6.0 Software.
Study approval. All animals received care according to the guidelines developed by the Canadian Council on Animal Care. All experimental procedures performed in mice were approved by the University of Alberta Health Sciences Animal Welfare Committee.
